Pancreatic ductal adenocarcinoma (PDAC) is the fourthleading cause of cancer-related death in the United States and is associated with a dismal prognosis, particularly when diagnosed at an advanced stage. Overall survival is significantly improved if PDAC is detected at an early stage prior to the onset of symptoms. At present, there is no suitable screening strategy for the general population. Available diagnostic serum markers are not sensitive or specific enough, and clinically available imaging modalities are inadequate for visualizing early-stage lesions. In this article, the role of currently available blood biomarkers and imaging tests for the early detection of PDAC will be reviewed. Also, the emerging biomarkers and molecularly targeted imaging agents being developed to improve the specificity of current imaging modalities for PDAC will be discussed. A strategy incorporating blood biomarkers and molecularly targeted imaging agents could lead to improved screening and earlier detection of PDAC in the future.
1
Pancreatic ductal adenocarcinoma (PDAC) is the fourthleading cause of cancer-related death in the United States and is associated with a dismal prognosis, particularly when diagnosed at an advanced stage. Overall survival is significantly improved if PDAC is detected at an early stage prior to the onset of symptoms. At present, there is no suitable screening strategy for the general population. Available diagnostic serum markers are not sensitive or specific enough, and clinically available imaging modalities are inadequate for visualizing early-stage lesions. In this article, the role of currently available blood biomarkers and imaging tests for the early detection of PDAC will be reviewed. Also, the emerging biomarkers and molecularly targeted imaging agents being developed to improve the specificity of current imaging modalities for PDAC will be discussed. A strategy incorporating blood biomarkers and molecularly targeted imaging agents could lead to improved screening and earlier detection of PDAC in the future.
q RSNA, 2015 This copy is for personal use only. To order printed copies, contact reprints@rsna.org
REVIEW: Pancreatic Ductal Adenocarcinoma: in Vitro Diagnostics with in Vivo Imaging
Laeseke et al polyposis, all of which are associated with an increased risk of pancreatic cancer (11) . These syndromes account for 15%-20% of patients with inherited pancreatic cancer (12) . The majority of familial pancreatic cancer, diagnosed as having two or more affected firstdegree family members with PDAC, is caused by unknown genetic mutations. The risk of PDAC in first-degree relatives is higher with a greater number of affected family members. The National Familial Pancreas Tumor Registry reported cumulative lifetime risks of developing pancreatic cancer of 8%-12% and 16%-30% for patients with two and three affected first-degree relatives, respectively (13) . In addition to people with familial cancer syndromes, individuals with hereditary pancreatitis and cystic fibrosis also have an inherited predisposition to pancreatic cancer. Finally, even without one of the aforementioned syndromes, the risk of developing pancreatic cancer is greater for individuals with a single affected first-degree relative and in individuals with adult-onset diabetes, where the incidence is approximately one in 300 (14, 15) .
Treatment and Diagnostic Challenges of PDAC
Advances in chemotherapy and radiation therapy, including in the adjuvant setting, have led to modest improvements in the 5-year survival rate of pancreatic cancer (16) . Surgery remains 5% and a median survival of less than 6 months (2-4). Incidence increases with age, and most patients are diagnosed with PDAC after age 50 (median age at diagnosis is 71 years) (5).
In the majority of patients, the development of pancreatic cancer involves the progression through precursor lesions termed pancreatic intraepithelial neoplasia (PIN) and the accumulation of an increasing number of genetic aberrations (6) . PIN is graded I-III, with the highest grade (carcinoma in situ) being grade III. PIN grades I and II lesions are frequently observed in normal pancreata and pancreatitis and are often associated with point mutations in the K-ras oncogene, overexpression of the human epidermal growth factor receptor type 2/neu gene product, and inactivation of the p16 tumor suppressor gene. Mutations in the p53, DPC4, and BRCA2 tumor suppressor genes are seen in later stage PINs and pancreatic adenocarcinoma. These genetic alterations are just a small subset of a much larger group of genetic changes affecting a core group of signaling pathways and processes that are altered in pancreatic cancer (7) . These changes may serve as targets for screening and earlier detection of pancreatic carcinoma. For example, overexpression of plectin-1, a cytolinker in the plakin family that is currently being investigated in human clinical trials, is seen not only with invasive pancreatic carcinoma, but also with PIN grade III (8) . Another example is vascular endothelial growth factor, the principal mediator of angiogenesis, which is upregulated in response to hypoxia, growth factors, and oncogenic proteins (eg, transforming growth factor b, epidermal growth factor, and rat sarcoma). Vascular endothelial growth factor is overexpressed in more than 90% of pancreatic cancers (9).
It is estimated that at least 10% of pancreatic cancers are inherited (10) . This includes patients with one of several known familial cancer syndromes, such as Peutz-Jeghers syndrome, familial atypical multiple mole melanoma, hereditary breast-ovarian cancer, hereditary nonpolyposis colorectal carcinoma, and familial adenomatous Essentials n Pancreatic ductal adenocarcinoma (PDAC) is most commonly diagnosed at an advanced stage, at which point it is associated with a dismal prognosis with few effective treatment options and an overall 5-year survival rate of approximately 5%.
n Currently, there are no screening approaches suitable for the general population; patients deemed to be at high risk for developing PDAC are screened with a multimodality approach of endoscopic US, magnetic resonance cholangiopancreatography, and/or endoscopic retrograde cholangiopancreatography.
n A strategy incorporating blood biomarkers and molecularly targeted imaging agents could lead to improved screening and earlier detection of PDAC in the future.
n Numerous blood biomarkers are being investigated for the earlier detection of PDAC, many of which are associated with improved sensitivity and/or specificity for PDAC when compared with the only clinically available, Food and Drug Administrationapproved blood biomarker for PDAC, CA19-9.
n Novel molecularly targeted imaging agents are being developed in an effort to improve the specificity of imaging modalities currently used to detect pancreatic cancer, which include US (transabdominal and endoscopic), CT, MR imaging, and PET.
P
ancreatic ductal adenocarcinoma (PDAC), which accounts for approximately 90% of all pancreatic neoplasms (1) , is the fourth-leading cause of cancer-related deaths in the United States, with more than 37 000 patients dying of pancreatic cancer every year. Unfortunately, the prognosis is almost universally poor, with an overall 5- (31) . The clinical utility of CA 19-9 as a diagnostic marker has proven to be ineffective due to its low sensitivity (60%-70%) and poor specificity (70%-85%) (31) . Because of the low prevalence of pancreatic cancer in the general population, a clinically acceptable biomarker would need to have near-perfect specificity ( 99%). For high-risk patients, a sensitivity of more than 90% and a specificity of more than surgery, and the increased morbidity associated with false-positive results (23) (24) (25) . A Markov model of PDAC demonstrated a net decrease in life expectancy of 3 days for men and 4 days for women when a magnetic resonance (MR) imaging-based screening strategy was used for average-risk patients, primarily driven by morbidity associated with unnecessary pancreatic surgeries (25) . Given the aforementioned reasons, efforts are currently focused on surveillance for individuals at high risk for developing pancreatic cancer (26) . It has been recommended that people with a greater than 10-fold increased risk of developing pancreatic cancer be screened. This includes individuals with familial pancreatic cancer. The guidelines for these genetically susceptible individuals are in a state of flux. However, most programs would recommend screening for individuals who have two or more family members with pancreatic cancer (with at least one of these being a first-degree relative). Surveillance is cost-effective in individuals with a lifetime risk of pancreatic cancer exceeding or equal to 15% (including individuals with p16 mutations or Peutz-Jeghers syndrome) (27) . Individuals who have a life-time risk of less than 15% (eg, individuals with BRCA1/2 mutations, Li-Fraumeni syndrome, Lynch syndrome, or familial adenomatous polyposis) but who have at least one relative with pancreatic cancer could also be considered for screening (28, 29) . In such a setting, risks are cumulative, with the personal risk of the mutation carrier compounded by the risk conferred by an affected first degree relative. Other risk factors, such as smoking or adult-onset diabetes, can also play into the risk assessment of an individual. At present, a multimodality screening approach of endoscopic ultrasonography (US), MR cholangiopancreatography (MRCP), and/or endoscopic retrograde cholangiopancreatography (ERCP) appears to be the most effective method to screen for pancreatic cancer in high-risk patients (28, 30) . However, such an approach is usually relegated to surveillance centers of the only current treatment affording potential long-term survival for PDAC. The 5-year survival rate has been reported to be as high as 18% in a large single institution experience of patients undergoing pancreaticoduodenectomy for PDAC (17) . Nevertheless, very few patients are cured with surgery even when the surgical margins are free of tumor. This is due in part to a unique characteristic of the tumor biology of PDAC, namely its propensity to spread at a very early stage beyond the pancreas via perineural pathways (18, 19) . The autonomic nerve fibers of the celiac and mesenteric plexus form conduits for retrograde extension of tumor, and a variety of neurotrophic factors have been implicated in facilitating this mode of extrapancreatic invasion (20, 21) .
Unfortunately, the diagnosis of PDAC is often made at an advanced stage and fewer than 20% of patients are suitable candidates for surgical resection. Factors contributing to a delay in diagnosis include the inconsistent and vague symptoms related to the disease, difficulties in visualizing lesions at an early stage, and the lack of specific and sensitive diagnostic serum markers.
Screening for PDAC
The overall 4-year postoperative survival rate for patients undergoing resection of small (, 2 cm) stage I ductal adenocarcinomas of the pancreas has been reported at 78% (22) . Forty-two percent of those patients were asymptomatic (22) . These data suggest that detecting pancreatic cancer prior to the onset of symptoms might improve the dismal prognosis associated with the disease. Ideally, for early detection of pancreatic cancer in the general population, the test would need to be low cost, non-or minimally invasive, and necessarily have very high specificity. However, it is currently neither advisable nor cost-effective to screen the general population given the low prevalence of the disease, the relatively low diagnostic accuracy of present detection methods, the absence of promising treatment modalities other than 
DNA Methylation
Cancer-specific DNA methylations can be detected in tumor tissue, blood, and other bodily fluid, providing the feasibility of its utility in diagnosis. DNA methylation has been a longstanding subject of interest in malignancies.
Studies have been performed to investigate pancreatic cancer-specific promoter hypermethylation in plasma and to explore it as a diagnostic biomarker. Plasma NPTX2 methylation distinguished pancreatic cancer from pancreatitis with sensitivity of 80% and specificity of 76% (43) . In another study, development. A selected reaction monitoring-based targeted proteomics platform was recently developed to directly detect candidate biomarker proteins in plasma and evaluate their clinical utility for pancreatic cancer detection (38) . By using this simple and robust selected reaction monitoring-based multiplexed assay, five pancreatic cancer biomarker candidates (14-3-3 protein sigma, gelsolin, lumican, transglutaminase 2, and tissue inhibitor of metalloproteinase 1) were tested in plasma from a clinically well-characterized pancreatic cancer cohort. The study developed a biomarker panel of gelsolin and lumican with 80% sensitivity and 95% specificity in separating early-stage pancreatic cancer from healthy control subjects and patients with chronic pancreatitis (38) . Plasma or serum represents an ideal diagnostic specimen for clinical tests due to its low cost and easy accessibility. Unfortunately, it is technically difficult to study low abundance proteins in blood because of its enormous protein complexity. Extensive separation at both protein and peptide level by using electrophoresis and multidimensional liquid chromatography is one way to enhance the identification of low abundant proteins in serum and/ or plasma. By using this approach, a large-scale quantitative proteomics study was performed to search for the plasma protein alterations associated with PDAC, and a biomarker panel of "tissue inhibitor of matrix metalloproteinase-1 (TIMP-1) or intercellular adhesion molecule 1(ICAM-1)" was identified with 75% sensitivity and 95% specificity in distinguishing pancreatic cancer from the nonpancreatic disease control subjects and chronic pancreatitis control subjects (39) . In another study in which a bead-based multiplex immunoassay was used, a biomarker panel of CA 19-9, ICAM-1, and osteoprotegerin could detect pancreatic cancer with 78% sensitivity and 94% specificity, and a biomarker panel of CA 19-9, carcinoembryonic antigen, and TIMP-1 demonstrated 71% sensitivity and 89% specificity in detecting PDAC (32) . While these biomarker panels 90% have been suggested (32) . Kim et al evaluated CA 19-9 for screening asymptomatic people for pancreatic cancer and found an unacceptably low positive predictive value of 0.9% when a level of greater than 37 U/mL was used (33) . Carcinoembryonic antigen and CA-125 are serum antigens that are occasionally elevated in pancreatic cancer; however, their utility as diagnostic biomarkers is even less informative than that of CA 19-9 for pancreatic cancer (34) .
Many candidate biomarkers for pancreatic cancer have been described in the literature, but none have reached the clinic largely due to the overlap of molecular signatures between pancreatic cancer and chronic pancreatitis. Ten percent of the US population has occult chronic pancreatitis at autopsy, so this overlap between cancer and benign diseases of the pancreas is important (35) (36) (37) . Extensive research is ongoing to address this challenge, especially through the use of newer technologies, including quantitative proteomics, the measurement of analytes such as microRNA, metabolites, autoantibodies, DNA methylation, K-ras mutation, circulating tumor cells, and assessment of the microbiome.
Protein
Protein is the most common analyte for blood testing. Recent investigations using mass spectrometry-based quantitative proteomics for large-scale protein profiling of tumors, tumor cells, or bodily fluids in both pancreatic cancer patients and control subjects have identified many biomarker candidates. However, further characterization of these putative biomarkers in blood is challenging. Antibody-based techniques, such as enzyme-linked immunosorbent assay, represent the current reference standard for protein biomarker measurement in the blood. However, the creation of high-quality antibody assays requires extensive time, resources, and effort, leading to a bottleneck in biomarker development. Targeted proteomics is an emerging technology that is playing an increasingly important role to facilitate disease biomarker
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Laeseke et al there is heterogeneity in the diseased control subjects that can affect the overall specificity. Inherent in the costanalysis of any blood test would be the requirement for a confirmatory imaging test. Importantly, if a confirmatory imaging test were inexpensive, easily performed, and noninvasive, then the performance requirements of a pancreatic cancer-screening test could be reduced.
Clinically Available Imaging Modalities for Diagnosing PDA
Transabdominal and Endoscopic US According to the American College of Radiology appropriateness criteria, a multiphasic CT is the best first test for patients with painless jaundice, the presenting feature in the majority of patients with PDAC located in the head of the pancreas. Despite this, transabdominal US is often the initial investigation performed in patients presenting with upper abdominal pain or jaundice. The technique is inexpensive, widely available, and extremely sensitive for detecting biliary obstruction (46) . However, the sensitivity of transabdominal US for detecting PDAC varies widely depending on the size of the tumor, ranging from 95% in tumors larger than 3 cm to 50% in tumors smaller than 1 cm (47) . In a recent retrospective review of 189 patients with pancreatic head cancer, the detection rate of pancreatic cancer with transabdominal US was 82.0%, which was lower than that with CT (93.1%) and endoscopic US (94.7%) (48) . Focal lesions of the pancreas are usually hypoechoic or cystic on transabdominal US images. It is difficult to differentiate adenocarcinoma from focal inflammatory masses secondary to chronic pancreatitis, endocrine tumors, or other more rare diseases based on anatomic B (bright)-mode imaging. Figure 1 illustrates several mimics of PDAC on US images. The introduction of contrast medium increases the diagnostic accuracy of transabdominal US. By using an intravenous contrast agent, contrast material-enhanced US can diabetes (one in 300 incidence) and in familial pancreatic cancer individuals, then the test becomes more cost-effective (14, 15) . As such, the creation of a screening test for diagnosing pancreatic cancer would need to be tailored to the population that is being tested: (a) general population with average (eg, low) risk would need to have a screening test with almost 100% specificity; (b) moderate-risk population, such as asymptomatic patients with adultonset diabetes, would need to have a screening test with high specificity that approaches 98%-99%; (c) a diagnostic test for symptomatic patients could have somewhat reduced specificity to provide high sensitivity; and (d) highrisk patients, who have a genetic susceptibility to the disease, need to have a high sensitivity screening test (greater than 90%-95%) while the specificity could be somewhat relaxed. In the latter setting, individuals with a genetic susceptibility of 15% or higher are frequently in endoscopic surveillance due to their high risk and as such, a screening test in this cohort would need to distinguish those patients who could forego endoscopic US (the mainstay of most PDAC surveillance programs) versus those who would need to undergo imaging. In this setting, it would be imperative not to miss a pancreatic cancer; however, a false-positive test would only lead to the endoscopic US that would have been performed anyway.
For researchers who are developing PDAC blood tests, not only is it important to tailor the performance characteristics to match the pretest probability of having pancreatic cancer, but also to test the candidate biomarker in the setting in which it would be used. Control subjects should include symptomatic patients if the test is designed as a diagnostic. Diabetic patients without pancreatic cancer would be included as control subjects if the screening test is designed for screening adult-onset diabetes, and a large number of benign pancreatic diseases would need to be included for a screening the general population. In addition, control subjects should be derived from a variety of geographic locations, as methylation of 14 gene promoters differentiated PDAC from chronic pancreatitis with 91.2% sensitivity and 90.8% specificity (44) . With the emergence of current epigenetic profiling technologies, recent studies have focused on investigation of empirically driven DNA methylations associated with cancer. It is expected that new hyper-or hypomethylated targets associated with cancer will be discovered and investigated for their utility in diagnosing PDAC.
Other Biomarkers
Other analytes that have been explored as diagnostic biomarkers for PDAC include autoantibodies, metabolites, gene mutations, circulating tumor cells, and oral microbiome (45) . In addition to blood, plasma, and serum, other specimen types, such as pancreatic juice, cystic fluid, urine, and tissue from needle biopsies, have also been explored for diagnostic biomarkers. The studies related to these other analytes and specimen types are beyond the scope of this review article.
Considerations on Cost-Effectiveness of a Blood Biomarker Test
In the development of a blood test for earlier detection of PDAC, a key factor to be considered is whether the blood test is cost-effective. In fact, cost-effectiveness studies performed by assessing the third-party payer costs of the blood test, imaging tests, subsequent medical and surgical management that includes morbidity and mortality versus lifeyears saved suggest that the specificity of a test for earlier detection of PDAC would need to be very high (25) . This is because PDAC is a relatively rare disease. For example, a blood test with 98% specificity and 100% sensitivity performed in an average-risk population would identify one individual with PDAC out of 10 000 screened people, but 200 individuals would have a falsepositive test. The cost of working up the false-positive tests, not to mention the psychological stress to the cancer-free individual, would be prohibitive. If the incidence of pancreatic cancer is higher, such as in patients with adult-onset (57, 58) . PIN lesions occur in the small and midsize pancreatic ducts and are too small to be detected on CT or MR images. There is no imaging test that can definitively diagnose PIN stage III; however, there are nonspecific changes at endoscopic US that can suggest that PIN lesions may be present in high-risk individuals. These changes are similar to the changes that are seen in chronic pancreatitis, and thus the final diagnosis of PIN lesions is made through pathologic evaluation of tissue. High-risk patients with positive endoscopic US findings usually undergo a second imaging test for further evaluation-typically MRCP or ERCP. In a prospective study using endoscopic US to screen for pancreatic cancer in high-risk individuals (57), two of 38 patients undergoing screening endoscopic US were found to have clinically significant pancreatic neoplasms and four of 38 had benign pancreatic masses. In a more recent prospective study by the same group, a neoplastic-type lesion was seen on endoscopic US images in 17 of 78 (22%) high-risk individuals, with only eight subsequently being diagnosed with pancreatic neoplasia. In addition to the high number of false-positive findings, endoscopic US is operator dependent and is associated with poor interobserver agreement for differentiating benign from malignant pancreatic lesions even in highly specialized centers (59,60).
pancreatic cancer-one of the major diagnostic challenges when evaluating pancreatic lesions (56). On contrastenhanced US images, inflammatory lesions were characterized by slight continuous enhancement inside the pancreatic mass, with isovascularity to the adjacent pancreatic parenchyma. In contrast, the majority (. 90%) of PDAC was hypoechoic to the adjacent parenchyma during all phases. In that particular population, specificity and overall diagnostic accuracy for differentiating mass forming pancreatitis from malignancy were 97.8% and 96%, respectively.
The US evaluation of the pancreas can be limited by its deep location within the upper abdomen, as well as intervening bowel gas and subcutaneous fat. Endoscopic US overcomes these limitations by utilizing a transducer provide dynamic information regarding the macro-and microcirculation of focal lesions and of normal parenchyma (49) . In the vascular phase, tumor vessels can be seen in or around the lesion in approximately 80% of patients with pancreatic cancer (50). During the perfusion phase of contrast-enhanced US, most PDACs are hypoenhancing or demonstrate irregular heterogeneous enhancement (50,51). Poorly differentiated adenocarcinoma may show a slight homogeneous enhancement pattern or heterogeneous enhancement (51,52). For the diagnosis and differentiation of pancreatic malignancies, transabdominal contrast-enhanced US has yielded results comparable to, or better than, those of many other diagnostic modalities (46, (53) (54) (55) . In particular, contrast-enhanced US was able to differentiate between focal pancreatitis and 
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CT and CT Perfusion
Multiphase multi-detector row CT with intravenous contrast medium is the preferred diagnostic test for suspected pancreatic lesions. CT features of pancreatic carcinoma are variable. While the majority of pancreatic carcinomas are hypoattenuating relative to the surrounding pancreatic parenchyma, a small percentage (~ 5%) are isoattenuating (73) . In addition to the variable appearance of PDAC on CT images, there are a number of lesions that have an appearance similar to PDAC (Fig 3) . (Fig 2) . Expression of Thy1 was significantly increased on the neovasculature of human pancreatic adenocarcinoma compared with tissue from patients with primary chronic pancreatitis or normal pancreatic parenchyma. Subsequent in vivo imaging studies in a genetically engineered mouse model of pancreatic cancer using a novel Thy1-targeted In summary, transabdominal US is an inexpensive, widely available, and sensitive method for detecting biliary obstruction, one of the presenting features in many patients with pancreatic malignancy. However, its reliance on a good acoustic window, low sensitivity for smaller lesions, and poor specificity limit its utility for the detection of early pancreatic cancer. Endoscopic US is not limited by the deep location of the pancreas, provides a good venue for targeted lesion sampling with fine needle aspiration, and can depict smaller pancreatic lesions better than almost any other imaging modality. Its main limitation is that it is an invasive procedure, and it is also associated with poor interobserver agreement for differentiating benign from malignant pancreatic processes. US contrast agents improve the sensitivity of both transabdominal and endoscopic US. However, the specificity of contrast-enhanced US for differentiating benign from malignant pancreatic lesions is relatively low. Improving the specificity of US techniques would greatly increase the usefulness of the imaging modality for the early detection and characterization of pancreatic lesions.
Improving the Specificity of US with Molecularly Targeted Contrast Agents
The use of molecularly targeted contrast microbubbles as molecular probes has the potential to improve the sensitivity and specificity of contrastenhanced US. Targeted microbubbles are created by attaching disease-specific ligands such as antibodies, peptides, and other small molecules to the microbubble shell surface (61, 62) . These ligands promote the selective targeting and retention of the acoustically active microbubbles at sites of disease, thereby providing contrast with adjacent nondiseased tissue. The microbubbles remain within the vascular space after intravascular administration, which limits targeting to molecules that are overexpressed on the surface of endothelial cells of the tumor vasculature. Despite this apparent limitation, multiple biomarkers crucial for angiogenesis are overexpressed in the 
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Laeseke et al perfusion parameters of pancreatic adenocarcinoma, such as blood flow and blood volume, tend to be decreased due to the decreased vascularity relative to normal pancreatic tissue. For instance, Kandel et al showed a significant decrease in mean blood flow in 30 patients with pancreatic adenocarcinoma (32 mL/min/100 mL) compared with those with normal pancreatic tissue (75 mL/min/100 mL in the head, 94 mL/min/100 mL in the body, and 92 mL/min/100 mL in the tail) (83) . Xu et al also demonstrated a significant decrease in blood flow in 40 patients with pancreatic adenocarcinoma (29.5 mL/min/100 mL) compared with normal parenchyma of 36 control patients (141.28 mL/min/100 mL for the head, 128.43 mL/min/100 mL for the body, and 135.73 mL/min/100 mL for the tail) (84) . While multidetector CT can be an excellent choice for the diagnosis and staging of pancreatic malignancies, it has several limitations that make it unsuitable as a screening modality at the level of the general population. The diagnostic accuracy is limited for small (, 1 cm) PDAC. As demonstrated through creation of campaigns such as Image Wisely and Image Gently, there and the entire upper abdomen to evaluate for liver metastases and peritoneal seeding. CT is critical for differentiating between resectable, borderline resectable and unresectable tumors based on the extent of surrounding vascular invasion. Kaneko et al evaluated the ability to predict resectability of pancreatic carcinoma by using multidetector CT angiography. By using surgery as the reference standard, multidetector CT angiography was found to have sensitivity, specificity, positive predictive value, negative predictive value, and accuracy of 100%, 71%, 85%, 100%, and 89%, respectively (78) .
In CT perfusion, functional information regarding the blood perfusion of a lesion is obtained in addition to the anatomic or morphologic information from the conventional CT (79). During CT perfusion imaging, the transit of an intravenous CT contrast medium is monitored as it passes through a region of interest. Physiologic parameters of the tissue can then be estimated, including capillary permeability, fractional intravascular blood volume, blood flow, and tissue interstitial volumes. Several studies have evaluated the use of CT perfusion imaging for assessment of PDAC (80-84). In general, dilatation, interruption of the pancreatic duct, and distal parenchymal atrophy (Fig 4) . Ahn et al (74) reported the sensitivity and specificity of focal pancreatic hypoattenuation, pancreatic duct dilation, interruption of the pancreatic duct, and distal parenchymal atrophy to be 75% and 84%, 50% and 78%, 45% and 82%, and 45% and 96%, respectively.
Intravenous contrast medium increases the difference in attenuation between a pancreatic carcinoma and the surrounding pancreatic tissue (75) . The timing of image acquisition after the administration of intravenous contrast material is important. Lu et al (76) first implemented a two-phase technique and reported that the mean contrast between the tumor and pancreas during the pancreatic phase (40-70 sec after infusion of intravenous contrast material at 3 mL/sec) was significantly greater than during the hepatic phases (70-100 sec after infusion). The biphasic technique has improved the detectability of pancreatic adenocarcinoma, with sensitivity ranging from 89% to 97% (77) .
CT is the reference standard for staging PDAC once the diagnosis is made. CT allows visualization of the liver 
Laeseke et al molecular imaging of activated vessels specifically, which may prove useful for the early detection of neoplastic processes. These studies are promising, but the use of CT as a molecular imaging modality has yet to be fully defined. The low sensitivity and need for relatively large quantities of contrast medium currently limits wider adoption of molecularly-targeted CT imaging (88, 94) .
ERCP Technique
ERCP is an invasive technique but remains the procedure of choice for high-resolution assessment of biliary and pancreatic ductal anatomy. Contrast material is injected directly into the pancreatic ducts under fluoroscopic guidance. Because PDAC is of ductal origin, ERCP is very sensitive (78%-95%) and specific (88%-95%) for detecting pancreatic malignancies (95, 96) . However, it is not as sensitive as endoscopic US. Moreover, ERCP is not suitable as a screening tool given its invasiveness and associated complications (chiefly, the risk of acute pancreatitis), which are not encountered with other noninvasive imaging modalities. Thus, ERCP is usually reserved for situations in which a therapeutic intervention could be required, such are also growing concerns regarding the increased risk of developing cancer after repeated exposures to radiation from medical imaging. In addition, contrast agents currently used for CT are limited in their applicability in patients with reduced renal function. CT perfusion imaging enables detection of altered perfusion parameters and will likely translate to improved treatment monitoring. However, it is unclear whether CT perfusion imaging is sensitive enough for the early detection of pancreatic cancer. CT perfusion imaging is also associated with even higher doses of radiation than conventional CT examinations, making it unsuitable for widespread use as a screening modality.
Other techniques, such as dual-energy CT, are being developed to increase the conspicuity of lesions at CT. However, additional clinical experience is needed to better characterize them (85) .
Improving the Specificity of CT by Using Encapsulated Contrast Medium-targeting Biomarkers
A promising alternative to bolus injections of nonspecific contrast media is the use of intravenous contrast agents that have been encapsulated in liposomes, which are highly biocompatible and associated with less toxicity. Studies have demonstrated the feasibility of using iodinated liposomes with micro-CT, including the ability to detect submillimeter vessels (86, 87) . In a similar fashion as described earlier for US, attempts have been made to improve the specificity of the technique by inserting specific ligands into the liposomal membranes (88, 89 (91) successfully designed an Eselectin-targeted iodine-containing liposome specific for E-selectin, which is expressed on the surface of endothelial cells in response to inflammatory processes (92) or on proliferating endothelial cells (93) . In vitro experiments and in vivo micro-CT imaging of human colorectal cancer (HT-29 cells)-bearing mice demonstrated accumulation of the targeted liposomes to activated vessels. Hence, the differential expression of E-selectin between proliferating and quiescent cells makes E-selectin an optimal candidate for REVIEW: Pancreatic Ductal Adenocarcinoma: in Vitro Diagnostics with in Vivo Imaging Laeseke et al center studies are 85%-93% and 72%-79%, respectively (101, 102) . In addition to routine multiplanar MR studies, MRCP can be used to noninvasively characterize the biliary and pancreatic ducts. MRCP utilizes heavily T2-weighted sequences to show the signal of static or slow-moving fluid-filled structures. Studies have demonstrated that MRCP is comparable to the more invasive ERCP for the diagnosis of pancreatic tumors that involve the main pancreatic duct (103, 104) . However, the precancerous lesions, such as PIN grade 3, which can cause narrowing, blebbing, or ectatic side-branches, can be more difficult to assess with MRCP.
acini of the pancreatic parenchyma. Normal pancreatic tissue demonstrates a uniform capillary blush immediately after contrast enhancement and fades to isointense signal relative to the liver on interstitial phase images. In contrast, pancreatic cancer has a relatively abundant fibrous stroma and sparse tumor vascularity, which translates to a low signal intensity on noncontrast T1-weighted fat-suppressed images and less enhancement than the surrounding normal pancreatic tissue on immediate postcontrast images (100) (Fig 5) . Recently reported values for the sensitivity and specificity of MR imaging for the diagnosis of pancreatic cancer in single as stent placement, when performing the diagnostic evaluation.
MR Imaging and MRCP
Relative to CT, MR imaging has the advantage of improved soft-tissue contrast resolution and no reliance on ionizing radiation. Currently, PDAC is best detected by using nonenhanced T1-weighted fat-suppressed gradientrecalled-echo imaging followed by contrast-enhanced imaging with gadolinium-based contrast agents (97) (98) (99) . Normal pancreatic tissue has high signal intensity on noncontrast T1-weighted fat-suppressed images because of the presence of aqueous protein in the 
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Laeseke et al such plectin-1 or epidermal growth factor receptor, which are overexpressed in pancreatic cancer, have been published. Targeted contrast agents were developed by attaching peptide or single-chain antibodies to iron oxide nanoparticles and imaged (121, 122) .
Results of these studies using tissue specimens and subcutaneously implanted tumors in animal models (Fig 6) demonstrated the feasibility of using targeted nanoparticle probes for both ex vivo and in vivo MR imaging. Molecular MR imaging for earlier detection of PDAC has not yet been translated into clinical trials. The role of MR imaging for the early detection of pancreatic cancer continues to evolve. MR imaging is particularly attractive as a screening modality because it does not rely on ionizing radiation and can be used for patients with an allergy to iodinated contrast material. Moreover, MR imaging is associated with excellent soft-tissue contrast and the ability to evaluate the ducts with use of MRCP. Despite these advantages and a comparable diagnostic accuracy for staging pancreatic cancer, multidetector CT continues to be more widely used than MR imaging for diagnosing and staging pancreatic cancer. Greater adoption of MR imaging is likely limited by the higher spatial resolution, lower cost, and greater availability of multidetector CT. (123) . Early studies demonstrated quantitative and selective overexpression of GLUT-1 transporters in malignant pancreatic lesions (124) , while normal pancreatic tissue has low glucose utilization. Studies have demonstrated that FDG PET has a relatively high sensitivity (88%-94%) but variable specificity (60%-94%) for differentiating benign from malignant pancreatic masses (125) (126) (127) (128) (129) (130) . Compared with CT and MR imaging, FDG PET is more sensitive for detection of small pancreatic tumors (131,132) and investigators have described the use of MR spectroscopy to characterize pancreatic neoplasms. Cho et al found less lipid in chronic focal pancreatitis than in PDAC, with a sensitivity and specificity of 100% and 53.3%, respectively, for differentiating pancreatic cancer from focal pancreatitis (115). Ma et al used MR spectroscopy at 3 T to compare the metabolic features of PDAC with that of normal pancreas in control subjects (116) . When compared with normal pancreas, choline-containing compounds, fatty acids, and lipids were all decreased in PDAC. The authors hypothesized that the hypoperfusion and hypometabolism of PDAC relative to the surrounding pancreatic parenchyma contribute to these changes. MR spectroscopy is a promising method for improving the sensitivity, but not the specificity, for the diagnosis of PDAC. However, metabolic molecular information is currently limited by the relatively low magnetic field and signal strength associated with MR spectroscopy for clinic use.
FDG PET
Potential Improvements of MR Imaging with Molecularly Targeted Contrast Agents MR imaging is associated with excellent soft-tissue contrast, but low sensitivity, which makes the development of molecular probes more challenging compared with other modalities such as positron emission tomography (PET, discussed below), US, and optical imaging. Contrast agents based on nanoparticulate probes with a high payload of contrast-generating metals have been developed to overcome the low sensitivity associated with MR imaging. Tumor-targeted MR imaging has been performed by using gadolinium (III)-containing micelles and liposomes, superparamagnetic iron oxide nanoparticles, and manganese (II) chelates (88, 89, (117) (118) (119) (120) . At present, superparamagnetic iron oxide nanoparticles are the most attractive due to their chemical stability and biocompatibility, with an overall hydrodynamic diameter of less than 50 nm, much smaller than a cell (normally 10-30 mm) (120). Studies on MR imaging-targeting biomarkers Although ERCP has served as the reference standard, the advantage of MRCP over endoscopic US is that it can be combined with routine multiplanar MR of the upper abdomen to evaluate not only the pancreatic and biliary ducts, but also the liver.
Diffusion-weighted MR Imaging
Diffusion is caused by random molecular motion, also known as Brownian motion (105) . Diffusion-weighted (DW) MR imaging is the only imaging method that can be used to evaluate the diffusion process in vivo. DW imaging is increasingly being used within the abdomen (106, 107) . Various malignant tumors demonstrate high-signal-intensity on DW images, likely reflecting high cellularity and/or a long T2 relaxation time (108) . Several investigators have used DW imaging to detect PDAC. Muraoka et al (109) reported that the apparent diffusion coefficient (ADC) in PDAC correlates with tumor fibrosis rather than with tumor cellularity. Ichikawa et al reported a very high sensitivity (96.2%) and specificity (98.6%) for detecting PDAC using DW imaging only (106) . More recent studies have reported that pancreatic cancer exhibits a high signal intensity on DW images with a significantly decreased ADC value compared with that of normal parenchyma (107, 110) (Fig 5) . ADC has also proven helpful for differentiating between pancreatic cancer and massforming focal pancreatitis (111, 112) . While the results of these studies indicate that DW imaging may be useful for characterizing pancreatic lesions, it has yet to be shown that DW imaging can help detect pancreatic cancer at an earlier stage. It is also unclear how much diagnostic accuracy is improved, if at all, when DW imaging is added to MR protocols for PDAC. Kartalis et al found similar diagnostic accuracy for pancreatic cancer when comparing their conventional MR protocol to the same MR protocol with DW imaging added (113) .
MR Spectroscopy
MR spectroscopy provides a noninvasive measurement of biochemical information in vivo (114) . Several
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Laeseke et al and CT, the ability of FDG imaging to provide accurate anatomic localization has been improved greatly (Fig 7) . Several articles (136, 137) have reported a higher sensitivity, but not specificity, of PET/CT for detection of pancreatic cancer when compared with CT or PET alone. In a recent meta-analysis comparing FDG PET, combined FDG PET/ CT, and endoscopic US for diagnosing primary pancreatic carcinoma, the pooled sensitivity for PET/CT was higher than that of PET and endoscopic US, while the pooled specificity estimate for endoscopic US was higher than that for PET and PET/CT (136) . Currently, the relatively low specificity, high cost, somewhat limited availability, and ionizing radiation all limit the use of PET or PET/CT as a first-line diagnostic tool for pancreatic cancer. PET/CT can help establish the diagnosis of pancreatic carcinoma in patients suspected of having pancreatic cancer in whom CT fails to identify a discrete tumor mass or in whom fine needle aspirations are nondiagnostic (137) .
Improving Sensitivity and Specificity of PET with New Radiotracers Carbon 11 ( 11 C)-acetate PET, which is thought to be metabolized by entering the lipid synthesis pathway (138) , may also be useful for malignant tumor diagnosis. As the cellular uptake of acetate is not affected by glucose metabolism, 11 C-acetate PET may provide superior detectability over FDG PET for malignancy and is expected to be equally effective even in hyperglycemic states. In a recent study, Zhao et al (139) reported earlier detection of pancreatic cancer xenografts with 11 C-acetate PET than with FDG PET, but the ratio of radiotracer accumulation between tumor and nontumor in 11 C-acetate PET was lower than that in FDG PET during the same period. Another radiotracer, 18 F-FEDL, which is overexpressed in peritumoral pancreatic acinar cells, was reported to be helpful for detection of small pancreatic cancer lesions (140) . Additional studies are needed to evaluate the performance of new radiotracers for detecting and characterizing pancreatic cancer specifically.
particularly in patients with massforming pancreatitis (135) . With the development and combination of PET recurrent pancreatic cancer (133, 134) . However, PET has been associated with a high rate of false-positive results, (143, 144) . By using IGF1R (insulin-like growth factor 1)-overexpressing AsPC-1 pancreas cancer xenografts in immunocompromised mice, a [(64)Cu]KRAS-IGF1 radiohybridization probe resulted in improved tumor contrast on PET images, with an 8.6-fold increase in signal intensity within the human pancreas cancer xenografts when compared with the contralateral muscle.
Challenges Translating New Molecularly Targeted Contrast Agents into the Clinic
It is expected that ongoing complementary research on new biomarker and imaging-based approaches will result in earlier detection of pancreatic cancer in the future. However, one of the challenges in developing new molecular imaging-based approaches with novel contrast agents is the inability to fail quickly and early during the contrast agent development process, in particular during the costly phases of clinical testing. Ideally, once a new contrast agent has shown to be safe and effective in preclinical studies, the With recent advances in nanoparticle engineering, radiolabeled antibody or gene-based probes have been developed that target specific proteins or genes overexpressed on the surface or inside tumor cells (or vascular endothelial cells). These targeted probes promise to increase diagnostic specificity. For example, the epithelial cell surface receptor avb6 is overexpressed in many different cancers, including pancreatic, cervical, lung, and colon cancers. Hausner et al (141) have shown the feasibility of imaging avb6 in vivo by using PET and a new radiotracer, [ With the new compounds, they were able to achieve excellent tumor retention and good clearance of nonspecifically bound tracer resulting in tumor-pancreas biodistribution ratios of greater than 23:1 in a mouse model of pancreatic carcinoma. Kimura et al have also successfully targeted integrin avb6 using pancreatic and epidermoid cancer xenografts or orthotopic models (142) . They engineered peptides with a high affinity and specificity for integrin avb6, but no cross-reactivity to related integrins. Uptake of the radiotracers by integrin avb6-expressing tumors was rapid and high, and off-target background was minimized. 
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Laeseke et al discussed above. While many of these probes are early in development, results of preliminary studies are promising and suggest that these approaches, in combination with biomarkers, will potentially lead to improved screening and early detection of PDAC in the future. 
